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Disorder and chain superconductivity in YBa,Cu;O,_s
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The effects of chain disorder on superconductivity in ¥BaO;_ 5 are discussed within the context of a
proximity model. Chain disorder causes both pair breaking and localization. The hybridization of chain and
plane wave functions reduces the importance of localization, so that the transport anisotropy remains large in
the presence of a finite fractiahof oxygen vacancies. Penetration depth and specific heat measurements probe
the pair breaking effects of chain disorder, and are discussed in detail at the level of the self-cohsmsant
approximation. Quantitative agreement with these experiments is found when chain disorder is present.
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Current understanding of the low-energy electronic exci-anisotropy in the in-plane conductivifyindicating that the
tation spectrum of YB#w0O;_ 5 (YBCO) is incomplete. As  chains are metallic. The absence of localization suggests that
with other highT, superconductors, YBCO is a layered electronic states associated with the chains, while highly an-
compound in which the Cufayers are conducting, strongly isotropic, are not one-dimensional. In the superconducting
correlated quasi-two-dimensional electron gasses. The, CuQtate, the in-plane anisotrof$yin the penetration depth is
layers have been extensively studiéa Bi,S,CaCuyOg US-  nearly identical in magnitude to the conductivity anisotropy,
ing angle-resolved photoemission. While in-plane conductivsyggesting a significant superfluid density on the chain layer
ity measurementssuggest strong similarities between the for temperature3 <T, . What is truly remarkable, however,
CuQ, planes in BjSp,CaCyOg and YBCO, a complete de- g that the temperature dependence of the chain superfluid
scription of YBCO is complicated by the presence of CON-density—as measured in penetration depth experirfents

ducting one-dimensional CuO chain layers, about whichy ot the same as that of the planes. The apparent similarity

relatively little is known. o . ; .
! . . . of the excitation spectra in the chain and plane layers is

Since the CuO chains are unique to the YBaCuQ farT"lysurprising given that the underlying bands have completely
of superconductor, one expects to find their signature in

. . . . Qifferent structures.
;?n“;htay, rc;fv eegipae r;inr:i?(gtzlenz?tsnsglg?atggglrgteirﬁ?rlz eer)r('ni S_everal different_models ha_ve been proposed _to descr_ibe
energy in the superconducting state, in contrast t&ham superponductlwty. The_.\ _S|m_plest mode_l c_onmstent W'th
Bi,Sr,CaCuyOg where a clead-wave-like gap is observell. d-wave cha|r? -supercondgctlwtylls the proximity model, in
Measurements of the penetration depthalong thec axis ~ Which the pairing interaction resides in the Gu@anes and
(perpendicular to the layeréind a power-law dependence on chain supercoqducﬂwty occurs through the hybrldl_zatlon of
temperature which is material depend&HtMore dramati- plane and chain wave functions. The failure of this model
cally, a well developed pseudodajs found in thec-axis  (discussed below to describe penetration depth
optical conductivity of YBaCuO, , (Ref. 9 and experiments® has led several authds*"'to abandon the
YBa,Cu,0g,2 but not in Lg_,Sr,Cu0,.%° In some cases, Premise of a pairing interaction contained exclusively within
such as in-plane anisotropic conductivity measurenteiits, the CuQ planes.
is straightforward to distinguish the contributions of the In this work, we show that a small amount of chain dis-
chains from those of the planes. In general, however, therder is sufficient to reconcile the proximity model with ex-
influence of the chains is not trivial to understand. Calculaperiments. We model a Cy€CuO-CuQ trilayer with a
tions based on multiband models suggest, for example, thahree-band tight-binding Hamiltonian in which the isolated
interband transitions between the plane and chain bandshain and plane layers have one- and two-dimensional dis-
dominate thec-axis conductivity'! and that the pseudogap persions, respectively, coupled through single electron hop-
seen in optical conductivity experiments reflects a shift inping. The resultant bands are three-dimensional hybrids of
interband transition energies due to the opening of &gap  chain and plane states. Because the hybridization is weak for
the CuQ-layer Fermi surface. These predictions are quitesome values of the in-plane momentum localization ef-
different from those of one-band modéfs1®in which dis-  fects are present, but are not sufficient to eliminate quasipar-
order and inelastic scattering are assumed to play a key rokicle transport in the chains. We discuss disorder effects in
in c-axis transport. For this reason, it is essential to develoghain superconductivity in the context of two different ex-
a model which correctly describes the low-energy physics operimental probes of the low-energy DOS: specific-heat
the chain-plane system. measurement®, and penetration depth anisotropy

Evidence concerning the chain electronic structure is inmeasurements.
direct. In YBg Cuz O;_ 5, the chains are not continuous, but ~ We consider a single trilayer with periodic boundary con-
are broken into segments of finite length by the fractboof  ditions along thec axis. The annihilation operator for an
vacant chain oxygen sites. In spite of this, there is a largelectron in layeii with two-dimensional wave-vectde and
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spino is ¢;, - The mean-field Hamiltonian for such a model
is (using the Nambu spinor notatibm{=EkClHka with
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: . ; ong the normal-state Fermi surfaces. The spectrum reflects bot

andti? deS(_:rlbes hopping betvvgen plane and chain Iayerﬁa;wed%lwave structure of the order parameter, anF()i the structure of the

The dispersiong, and &, describe the isolated plane and underlying band

chain layers, respectively, whil&, is the superconducting '

order parameter for the plane layer, which is taken to hav

d-wave symmetry. It has been suggeétethat a suitable

tight-binding model for the plane band is

@nd whereé, =&, +t,, are the energies of bonding and
antibonding combinations of the two planes. From &, it

is clear that only the antibonding band mixes with the chain
band, and that the bonding baridand a) is completely

£uc= ~ 2ty cosk.a+coskya+ 2t cosk,a coskya planelike. In Fig. 1, we show thk-dependent gap in the

+1"(cos Kya+cos X,a)]— uq (2)  superconducting excitation spectrum, plotted along the Fermi
surfaces of the normal-state bands. Barths the gap struc-
with t'=—0.2 andt”"=0.25, anda~3 A the lattice con- ture expected for a-wave superconductor in a tetragonal
stant. The chain layer is modeled by system. Band$® andc have a more complicated spectrum,
reflecting the structure of the underlying bands.
&= —2t; coskya—u,. (3 It is simplest to start with a discussion of impurity effects

) ) in the normal state. Band is unaffected by chain disorder,
The parameter, andt, can be determined with some Cer- anq we focus our attention on bandsindc. First, we em-
tainty from the magnitudes of the (in-plane, perpendicular phasize that the behavior of the two bands, given by(Ey.

to chaing andb axis (parallel to chainspenetration depth®.  gepends on the degree of chain-plane hybridization, as char-
The other parameters are not as easily determined, but aggerized by

constrained by requiring that the Fermi surfaces be consis-

tent with those of band-structure calculatiGidJItimately, V2t
our conclusions are not sensitive to the choice of parameters =——r- (6)
provided the above constraints are met. We take, as plau- | o= &

sible:  {t;,tp, 1,12, 1., ,}={60,400;-20,-600,40,60 | the limit a,>1, the bands are degenerate relative to the
meV. It should be emphasized here that the chain bandmdttboup”ng parameter, , and e. ~(&y+ & )/2= 2t . This

4t,, determined from\,(T=0) is very near to that pre-
dicted by band-structure calculatiofisconsistent with the
findings of positron annihilation studiés$.

The order parameter is phenomenological, with

is the standard result for the level repulsion of a degenerate
two-level system. The wave functions in this limit are even

and odd combinations of the antibonding and chain wave
functions, and the electron tunnels between the bands with a

f
Av=Ao(T (ko) —g(ky)], (@ [eauency

where the temperature dependence is given?® by =22t (a>1). )
Ao(T)/Ag(0)=tanH T.Ao(T)/TA((0)]. Based on the loca- On time scales longer than,, bandsb and c are three-
tion of the van Hove singularities in the tunneling D&&e  dimensional. In the limit a,<1, on the other hand,
estimate Ap=11 meV. Furthermore, we find that taking eP~min(&y &) — a2t 5, eS~max(Ex &)+ a2t 5,
g(k) = coska)—0.3 cos(&a) gives approximately the correct and the wave functions for bantisandc are predominantly
slope”’ for A4(T) at low T. planelike or chainlike. The tail of band neark,=0, for

As we shall see, band structure plays a central role irexample, is described by this limit. This weak mixing of
determining the effects of chain disorder. The baftalseled  chain and antibonding bands leads to a tunneling rate
a, b, andc) have dispersions given by the positive eigen-
values ofHy. In the normal statee}= ¢, , eE=e[, and Al me~\2t pak,  (a<l) (8

+

€= € where which is much smaller than that of the degenerate case. In
our trilayer model,«) is strongly k dependent due to the
different structures of théone-dimensionalchain and(two-
dimensional plane dispersions.
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breaking occurs for chainlike states whose binding eng&igy
is less than the scattering raté r, . Chainlike states are
characterized by, <1, and in this limitEj, is always smaller
than the tunneling ratéi/7, (assuming that\,<2t,,).
This means that any Cooper pair which satisfies the criterion
7, > 7 ! for localization is also broken by disorder.
Localization effects will therefore be important in probes
of quasiparticle transport. However, since the penetration
depth is a measure of dc superfluid transport, the important
effect of chain disorder is pair breaking, which in this work
is treated in the unitary limit of the self-consisteRmatrix
approximation. The calculation is stand&Pdexcept for the
0.0 0.0 100.0 fact that the impurities reside only in the chain layer. In the
T(K) Nambu notation, the self-ener@(w) is a sparse 86 ma-
trix with nonzero elements connecting states in the chain

FIG. 2. Temperature dependence of the penetration depth. Soli@yer only. The penetration depth then follows from
curves are\,, %(T) (upper curvg and X\, %(T) (lower curve for n;

(M [owy fur) 0

=0. Other curves are foxgz(T) for impurity concentrations; 4me? 1 1
=0.001, n;=0.005, n;=0.01, andn;=0.02 from top to bottom. NSO N AT = — 2 a > TG(K,iw,)
A;Z(T) is almost unchanged by chain disorder. Inset: Dependence c® B k

of the coefficients of the low-temperature specific heahpn X . (K)G(K,i0g) 7,(K)] (10)
© Uhad (AR 973 '

Because of the large variation in the tunneling rate,,  where Tr is the trace over thexé6 matrix contained in the
the effects of chain disorder akedependent. If the average square bracketsG(k,iw,)=[iw,—H—2(iw,)]"*, and

length of unbroken chain is then we can estimate the scat- yﬂ(k):ﬁ—lng/ak”_ We emphasize that while this ap-
tering rate to ber, '=ve /I, wherev is the Fermi velocity  proach is reasonable for making predictions of superfluid and
in the chain layer. States for which the tunneling raf¢  normal-fluid densities, it cannot describe the enhanced back-
between layers is much larger than the impurity scatteringcattering leading to localization of the normal fldid.
rate Tt_rl are considered three-dimensional, and are not sus- In Fig. 2 we show the effect of disorder Oth(T) for
ceptible to localization. On the other hand, chainlike stateslifferent concentrations; of unitary scatterers. We see that
for which 7, 1<, ! are susceptible to localization. In our even small amounts of disorder are sufficient to eliminate the
trilayer model, only a small fraction of chain electrons areupturn at lowT. Chain disorder, on the other hand, has al-
localized by chain disorder. This observation provides amost no effect on\;Z(T). In YBa,Cu0;_ 5, the scattering
natural explanation for the large conductivity anisotropy results from a fractions of chain oxygen sites which are
seen in oxygen deficient YBCO. vacant. Unfortunately, one cannot simply equatwith the

We now turn our attention to the superconducting state. Ifractional impurity densityn; introduced below because of
Fig. 1 we show the&k-dependent superconducting gé&fe-  the tendency of oxygen vacancies to cluster. Instead, it is
fined as the energy required to excite a quasiparticle at theore useful to consider the average length of undamaged
Fermi surface with wave vectd) produced by the pairing chainl (wherel =a/n;) as the fundamental measure of chain
interaction in the Cu@plane layers. The low-energy tail in disorder.
bandc neark,=0 is of particular importance for the current A useful, and complementary, test of the model comes
discussion. States in this part of the band are predominantifrom examining the lowF specific heatC,, which provides

chainlike, and the gap is a direct measure of the quasiparticle density. Bewave
. ) superconductors, the electronic contributionGg is well
Ex=lAd e (a<1). (9 fitted by

These low-lying states have a significant influence on the
low-T properties of the system. In Fig. 2 the clean-limit
temperature-dependent penetration depth has a pronouncggiere y, is proportional to the normal-fluid density, aad
upturn in)\gz(T) at low temperatures. This reflects a suddendepends on thk dependence ok, near the gap nodes. We
increase in the chain-layer superfluid densityTds lowered  evaluatey, and« by fitting the DOS near the Fermi surface
throughEg . to N(w)=Ny+Njlw|, and then evaluating 7y,

The low-temperature upturn inm,? is a generic =NgNkz@%6 mImol/l, and a=9N;N.k3{(3)
featuré®!® of proximity models of YBaCu,O,_ 5, although ~ mJ/mol/k3, whereN, is Avogadro’s numberkg is Boltz-
the onset temperature for the upturn depends on the details ofann’s constant, an{{(n) is the Riemanri function. In the
the model. In this work, we show that small amounts ofinset in Fig. 2 we show the effect of chain disorder on both
chain disorder eliminate the upturn. This is easily antici-yy and . We see thaty, increases rapidly with chain dis-
pated, since it is apparent that the states which have a smaltder, as a result of the increasing normal-fluid density.
superconducting gap are chainlike, and are therefore strongljhese results are in excellent quantitative agreement with
affected by chain disorder. The effects of disorder are twoexperiments on high-quality single crystafsyhere y, was
fold: localization (discussed aboyeand pair breaking. Pair found to be 1-3 mJ/mol/Kfor & between 0.01 and 0.05.

C,=voT+aT? (11)
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Finally, we comment that we expect impurities to havethat while most electronic states are three-dimensional, a
little effect in c-axis transport, since the states which carryfraction of chainlike states are guasi-one-dimensional and
most of the current along theaxis are those which are most susceptible to localization. We calculate the superfluid den-
three-dimensional, and therefore are least affected by cha®ity in a self-consistenT-matrix approximation which cap-
disorder. In a series of conductivity experiments on zn-tures the pair breaking effects of disorder, and find good
doped samples, Wareg al2® have found that while tha-b  agreement with both penetration defftand specific he
anisotropy is strongly affected by small amounts of Zn, theméasurements.
c-axis conductivity is almost unchanged. We would like to acknowledge J. P. Carbotte, W. A.

In summary, we have shown that chain superconductivityHardy, D. A. Bonn, S. M. Girvin, and A. H. MacDonald for
in YBa,CuzO;_ 5 is well described by a proximity model, if helpful discussions. This work was supported by the Mid-
one accounts for the presence of disorder in the chain layewest Superconductivity Consortium through DOE Grant No.
Within such a model, hybridization of the chain and planeDE-FG-02-90ER45427 and by the Natural Sciences and En-
layers is strongly dependent on the in-plane momerktuso  gineering Research Council of Canada.
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